Gilbert RL, Pannabecker TL. Architecture of interstitial nodal spaces in the rodent renal inner medulla. Am J Physiol Renal Physiol 305: F745-F752, 2013. First published July 3, 2013 doi:10.1152/ajprenal.00239.2013.-Every collecting duct (CD) of the rat inner medulla is uniformly surrounded by about four abutting ascending vasa recta (AVR) running parallel to it. One or two ascending thin limbs (ATLs) lie between and parallel to each abutting AVR pair, opposite the CD. These structures form boundaries of axially running interstitial compartments. Viewed in transverse sections, these compartments appear as four interstitial nodal spaces (INSs) positioned symmetrically around each CD. The axially running compartments are segmented by interstitial cells spaced at regular intervals. The pairing of ATLs and CDs bounded by an abundant supply of AVR carrying reabsorbed water, NaCl, and urea make a strong argument that the mixing of NaCl and urea within the INSs and countercurrent flows play a critical role in generating the inner medullary osmotic gradient. The results of this study fully support that hypothesis. We quantified interactions of all structures comprising INSs along the corticopapillary axis for two rodent species, the Munich-Wistar rat and the kangaroo rat. The results showed remarkable similarities in the configurations of INSs, suggesting that the structural arrangement of INSs is a highly conserved architecture that plays a fundamental role in renal function. The number density of INSs along the corticopapillary axis directly correlated with a loop population that declines exponentially with distance below the outer medullary-inner medullary boundary. The axial configurations were consistent with discrete association between near-bend loop segments and INSs and with upper loop segments lying distant from INSs. aquaporin; collecting duct; renal microcirculation; urea transport; urine concentrating mechanism THE STRUCTURAL COMPLEXITIES of the medullary three-dimensional architecture are considered to provide clues as to how urine is concentrated (25, 26, 28) . Loops of Henle and blood vessels of the Munich-Wistar rat inner medulla (IM) form patterned arrays of interstitial compartments alongside collecting ducts (CDs) (20, 22) . Each compartment, or interstitial nodal space (INS), is configured in a similar fashion in the kangaroo rat (7, 24), and, while their physiological role is unclear, we hypothesized that these compartments are fundamental structural units promoting Na ϩ and urea mixing and driving water reabsorption from CDs to produce concentrated urine (7, 15, 22) .
THE STRUCTURAL COMPLEXITIES of the medullary three-dimensional architecture are considered to provide clues as to how urine is concentrated (25, 26, 28) . Loops of Henle and blood vessels of the Munich-Wistar rat inner medulla (IM) form patterned arrays of interstitial compartments alongside collecting ducts (CDs) (20, 22) . Each compartment, or interstitial nodal space (INS), is configured in a similar fashion in the kangaroo rat (7, 24) , and, while their physiological role is unclear, we hypothesized that these compartments are fundamental structural units promoting Na ϩ and urea mixing and driving water reabsorption from CDs to produce concentrated urine (7, 15, 22) .
INSs are delimited by a single CD on one side and by two ascending vasa recta (AVR) and one or more ascending thin limbs (ATLs) or prebend segments opposite the CD (Fig. 1) . The prebend segment that lies at the terminus of the descending side of the loop and the corresponding equivalent-length postbend segment of the ATL contact the INS for nearly their entire lengths (16) . The terminal two-thirds of the descending thin limb (DTL), which expresses little or no detectable aquaporin (AQP)1, also may abut the INS; however, the upper third, or AQP1-positive DTL, rarely does (27) . We hypothesized that the INS arrangement continues along the corticopapillary axis, not as a continuous column but as stacks of columns separated along the corticopapillary axis by "lipid-laden" interstitial cells (4, 10, 13) . These cells may further compartmentalize the interstitium by establishing a barrier that minimizes dissipation of the corticopapillary osmotic gradient.
Our goal was to quantify the interactions of structures comprising INSs to estimate, by mathematical modeling, the fluid and solute flows that could occur between the structures. We analyzed INSs of two species: the Munich-Wistar rat, which is capable of producing maximally concentrated urine of ϳ3,000 mosM/kg water, and the kangaroo rat Dipodomys merriami, which is capable of producing maximally concentrated urine of ϳ6,000 mosM/kg water (2) . We hypothesized that defined structure-to-structure interactions, or "abutments," are repeated in a quantitative fashion, transversely across the IM and along the corticopapillary axis. A repeating organization may be expected if INSs occur to optimize NaCl, urea, and water fluxes into and through the many adjoining compartments in a manner that facilitates the urine concentrating mechanism. If this is true, then INS organization in the kangaroo rat may vary from that of the Munich-Wistar rat, which exhibits a substantially lower maximum urine concentrating capacity. Finally, we hypothesized that the frequency of the INS distribution along the corticopapillary axis of both species exhibits an overall decline that nearly matches the loop of Henle distribution (16) . Equivalent changes in the axial distribution of loops of Henle and INSs would support the idea that ATLs and prebends are configured not randomly but in a uniform, structured association with CDs. Along with the previous observation that prebend and equivalent length postbend segments always abut CDs (16, 27) , equivalency would ensure NaCl is reabsorbed into INSs in a manner supportive of the urine concentrating mechanism.
METHODS

Animals.
Young male Munich-Wistar rats (ϳ200 g) were purchased from Harlan (Indianapolis, IN) or raised at the University of Arizona and were provided with rat chow and water ad libitum. Kangaroo rats (D. merriami, ϳ30 -50 g) were obtained by live trapping at the Santa Rita Experimental Range, located ϳ10 miles east of Green Valley, AZ. Analyses were conducted with both male and female animals; no sex-related differences have been observed. Kangaroo rats are housed individually in cages in the University of Arizona Health Sciences animal facility for periods up to 4 mo. Animals were provided with 15 g Kay-Tee wild birdseed daily and no fluids, as in captivity they do not drink free water, and are also provided with one leaf of spinach three times each week. Room temperature is 21-22°C, and relative humidity is 30 -70%. Animals were euthanized with CO 2. All experiments were conducted in accordance with National Institutes of Health Guide for the Care and Use of Laboratory Animals (1996) and were approved by the Institutional Animal Care and Use Committee of the University of Arizona.
Tissue preparation. Munich-Wistar rat and kangaroo rat kidneys were prepared for immunohistochemistry as previously described (7, 18 -21, 24) . Kidneys were perfused via the aorta with PBS for 5 min followed by perfusion with periodate-lysine-paraformaldehyde (0.01 M, 0.075 M, 2%) in PBS for 5 min. The medulla was dissected free, and the kidneys were immersed in periodate-lysine-paraformaldehyde fixative for 3 h at 4°C and then washed in PBS. The IM was isolated, dehydrated through a series of ethanol washes, and then embedded in Spurrs resin. Serial transverse tissue sections were cut exhaustively at 1-m thick intervals beginning at the outer medullary (OM)-IM boundary.
Immunohistochemistry. Nephrons and vasa recta were labeled with polyclonal or monoclonal antibodies raised against highly conserved amino acid sequences of segment-specific proteins as previously reported (7, 24, 27) . Two serial 1-m-thick sections were labeled for both Munich-Wistar rats and kangaroo rats at each of five axial levels. Nephrons were labeled in the first section, and blood vessels were labeled in the second section. The first section was labeled with primary antibodies raised against the water channel AQP1 (diluted 1:200, raised in the mouse, Abcam) as a marker for AQP1-positive DTLs and the Cl Ϫ channel ClC-K (diluted 1:200, raised in the rabbit, Chemicon) as a marker for ATLs and prebend segments. The second section was labeled with primary antibodies raised against urea transporter (UT)-B (diluted 1:200, raised in the rabbit, provided by Jeff Sands and Janet Klein, Emory University) as a marker for the descending vasa recta (DVR) and plasmalemma vesicle-associated protein (diluted 1:500, raised in the chicken, provided by Radu Stan, Dartmouth College) as a marker for the Munich-Wistar rat AVR. In both sections, CDs were labeled with primary antibody raised against the water channel AQP2 (diluted 1:200, raised in the goat, Santa Cruz Biotechnology), and all tubules and vasa recta were labeled with FITC-conjugated wheat germ agglutinin (diluted 1:25, Vector). Primary antibodies were applied at 4°C overnight. AQP1-negative DTLs, UT-B-negative DVR, and AVR in the kangaroo rat were distinguished from each other on the basis of morphology or by reconstruction from serial sections.
Secondary antibodies conjugated to FITC, 4=,6-diamidino-2-phenylindole, TRITC, or CY5 (diluted 1:200, produced in the donkey, Jackson ImmunoResearch) were applied for 2 h at room temperature. Coverslips were applied with Dako fluorescent mounting medium (Carpinteria, CA). Images of tissue sections were obtained with epifluorescence microscopy using a ϫ20 or ϫ60 objective (Deltavision).To assess our ability to distinguish kangaroo rat AVR, we measured the lengths of abutments of fenestrated vessels abutting either CDs or INSs in electron micrographs. Measurements were made for INSs in sections taken from near the OM-IM boundary in three animals (3 CDs/medulla). The CD circumference was 77.4 Ϯ 3.7 m, the AVR abutment with CDs was 7.8 Ϯ 0.8 m, and the AVR abutment with INSs was 7.6 Ϯ 0.8 m (mean Ϯ SE). These values are not significantly different from those measured in sections treated with immunohistochemistry (see RESULTS) .
Image analysis of structures comprising the INS. Image overlays were created from two serial sections at each axial level. For the quantitative analysis of structures comprising INSs, the INS circumference and nephron segments and vasa recta abutting the INS were outlined using Adobe Photoshop. The outlined lengths were then determined using the Image Processing Toolkit (Reindeer Graphics). AVR were considered to be abutting the CD if the two structures were located within 1 m of each other. All other vasa recta and tubules were considered to be abutting if they were located within 2 m of each other.
The volume shrinkage factor for ethanol dehydration of rat medullary tissue has been reported to be ϳ20% (1), and the linear shrinkage factor has been reported to be ϳ20 -25% (6) . Thus, the linear distances that we report would underestimate the distances measured for fresh tissue by a maximum of ϳ20 -25%. 
Quantification of ATLs and INSs along the corticopapillary axis.
Total numbers of ATLs and INSs were determined in transverse sections at 1,000-m intervals along the corticopapillary axis, between 1,000 and 4,500 m below the OM-IM boundary. These were calculated from the number of ATLs and INSs within an area of 0.25 mm 2 and the total cross-sectional area of the entire IM. Exponential trendlines were calculated with a least-squares fit through data points using Microsoft Excel.
Electron microscopy. Kidneys were prepared for electron microscopy by retrograde perfusion through the aorta with 0.08 M cacodylate buffer (pH 7.2) containing 0.6% NaCl and 3% dextran (mean molecular mass: 38 kDa) (3). This was followed by perfusion with the same buffer containing 3% glutaraldehyde. The kidney was removed, and the whole medulla was dissected free. The IM was cut into five sections transverse to the corticopapillary axis. These sections were immersed in fixative for 18 h at 4°C, washed in buffer, postfixed with 1% osmium tetroxide in 0.08 M cacodylate buffer at 4°C, dehydrated through a graded series of ethanol solutions, and embedded in epoxy resin. Grids were stained with uranyl acetate and lead citrate. Thin sections were cut on a Leica Ultracut microtome (Leica, Deerfield, IL) and examined and photographed using a Philips CM-12S electron microscope (Philips Electronic Instruments, Mahwah, NJ).
Statistical analysis. Data combined from three or more samples are reported as means Ϯ SE; n is the number of replicates. The statistical significance of differences between means for multiple data sets was determined with one-way or two-way ANOVA and Duncan's post hoc test (P Ͻ 0.05). The transverse sections shown are representative of three or more kidneys.
RESULTS
Image analysis of the INS: general considerations.
Analyses were conducted on tissue sections that were cut transverse to the corticopapillary axis (Fig. 1) . The antibodies and morphological features for identification of each tubular structure are described in METHODS. CD and INS circumferences were determined as well as the lengths of circumferential abutments between tubular structures comprising single INSs of the IM for the Munich-Wistar rat and kangaroo rat. Structure-to-INS and structure-to-structure abutments that were studied in detail Measurements were taken for three to five CDs from each of three to six Munich-Wistar rats and kangaroo rats at five depths below the OM-IM boundary (500, 1,000, 2,000, 3,000, and 4,500 m). The first 4,500 m of the IM represent ϳ90% and 75% of the total IM length in the Munich-Wistar rat and kangaroo rat, respectively.
An overview of the abutment profiles for single INSs that were associated with the CDs of the IM from one animal of each species at a depth of 1,000 m below the OM-IM boundary is shown in Fig. 2 . Profiles are discussed in more detail below. Several abutments shown in Fig. 2 rarely occurred within the INSs and were not studied in detail. The impact of interstitial cells was not considered in the analyses.
DVR are defined in this study as those vasa recta that express detectable levels of UT-B; however, a small fraction of descending vessels, as previously shown for the MunichWistar rat (20) , are fenestrated and exhibit no detectable UT-B. UT-B is expressed in most DVR only in the initial ϳ50 -60% of the IM (the first 2-3 mm) in both species (7, 20, 23) . Generally, the diameter of DVR is less than that of the loops of Henle (7, 14, 24) , enabling us to distinguish between DVR and AQP1-null DTLs.
INS and CD circumferences. The percentage of the SpragueDawley rat IM interstitium, unoccupied by tubules or vessels, increases with depth below the OM-IM boundary (9) . As such, we hypothesized that the circumference of the INS would also increase with distance along the corticopapillary axis. Indeed, the results shown in Fig. 3 demonstrate that at 4,500 m below the OM, the INS circumference increases significantly above the circumference occurring throughout much of the first 2,000 m below the OM-IM boundary for both species. CDs co- alesce as they descend the corticopapillary axis, resulting in an increase in CD circumference (Fig. 4) (9, 19) . At 4,500 m below the OM-IM boundary, CD circumferences increase significantly above the circumferences that occurr within the first 3,000 m of the IM for both species.
This increased CD circumference corresponds to a gradual increase in the absolute length of CD abutment with the INS, with abutments at 4,500 m below the OM-IM boundary significantly greater than abutments within the first 2,000 m of the IM for both species (Fig. 5) . The only other structures that abut CDs to a significant degree are the AVR. The lengths of AVR abutments with CDs also exhibit a gradual but small increase with increasing depth (Fig. 6) . Nonetheless, the fraction of CD abutted by the AVR is essentially uniform at all axial levels, ranging from 24% to 36% for both species. The remaining 64 -76% of CD surface area abuts primarily the INS.
Loop and vessel INS configurations. The lengths of AVR abutments with INSs gradually increase with depth below the OM-IM boundary; the abutments at levels between 3,000 and 4,500 m below the OM-IM boundary are significantly greater than abutments within the first 3,000 m of the IM (Fig. 7) . Munich-Wistar rat AVR abutment lengths with INSs are significantly greater than those of the kangaroo rat at 3,000 and 4,500 m below the OM-IM boundary (Fig. 7) . At 3,000 and 4,500 m, the fractional abutment of the AVR with INSs for the Munich-Wistar rat is 0.27 Ϯ 0.01 and 0.31 Ϯ 0.05, respectively, significantly higher than 0.19 Ϯ 0.02 and 0.22 Ϯ 0.02 for the kangaroo rat at the same levels, respectively (P Ͻ 0.05 by two-way ANOVA). ATL abutments with INSs are essentially uniform throughout the IM (Fig. 8) .
AVR abutments with ATLs range between ϳ3 and 5 m for both species throughout the IM. Since INS circumference and AVR abutments with the INS both increase in the deep papilla, whereas ATL abutments with the INS are unchanged, the AVR tend to dominate the INS boundary to a greater extent than ATLs at these levels. The AQP1-null DTL abutment with INSs is nearly 50% the length of ATL abutments with INSs (ranging from ϳ4 to 5 m for both species), making it the next most abundant INS component after the CD, AVR, and ATL. In contrast, AQP1-positive DTLs abut INSs on average ϳ1 m for both species to a depth of 4,500 m below the OM. The length of AQP1-positive DTL abutment with the INS is significantly less than AQP1-null DTL abutment with the INS at all levels for each species (by one-way ANOVA). AQP1-null DTL abutments with ATLs and AVR within the INSs ranged from ϳ0.5 to 3 m for both species.
On average, 7% and 16% of all INSs of the Munich-Wistar rat and kangaroo rat, respectively, are abutted for at least a portion of their length by AQP1-positive DTLs, and 4% and 
Total number of IM ATLs and INSs as a function of distance below the OM-IM boundary.
At increasing depths along the corticopapillary axis, the number of loops of Henle decreases as loops form bends and turn back toward the OM (Fig. 9) The number of prebends within transverse sections of the kangaroo rat IM has been estimated to be ϳ9% and is slightly higher in the Munich-Wistar rat due to its having a longer prebend length (24) . The decrease in number of INSs with distance below the OM-IM boundary was also determined at 500-m intervals for a single secondary CD cluster reconstructed from the MunichWistar rat IM (Fig. 11) . Various aspects of the loop of Henle and the vascular architecture of this CD cluster (CD cluster 1) have been previously described (8, 27, 29) . The area of this cluster is 0.06 mm 2 at the OM-IM boundary and decreases to ϳ0.02 mm 2 at 3,000 m below the OM (8) . For this secondary CD cluster, the decrease in the number of ATLs and INSs as a function of distance below the OM-IM boundary is nearly equivalent to the decrease in the number of total IM ATLs and INSs.
DISCUSSION
This is the first study to quantify the precision of the arrangements of nephron and vascular structures forming the INSs along the corticopapillary axis. We found these configurations to be remarkably similar throughout the IM, both within each of two species as well as between species, one of which produces a twofold higher maximum urine concentrating capacity than the other. The gradual increase in INS area with depth along the corticopapillary axis accounts in large part for the gradual increase in interstitial fractional volume with depth below the OM-IM boundary (9) . The INS abutments by the two principal bordering structures, the CD and AVR, gradually increase with increasing depth below the OM-IM boundary. Additional gradual changes in the INS architecture occurring at depths below the first 3,000 m of the IM include an increase in CD diameter with fewer numbers and less densely populated loops of Henle; both parameters are comparable for both species. Relatively few AQP1-positive DTLs and UT-B-positive DVR exist below 3,000 m below the OM-IM boundary, and most blood vessels are fenestrated (7, 8, 19, 23, 24, 29) .
The very high degree of CD abutting INSs (63-70% in the Munich-Wistar rat and 60 -65% in the kangaroo rat) in addition to the nearly equivalent degree of ATL interacting with INSs for both species support our hypothesis that preferential interactions critical to renal function occur between CDs, ATLs, and AVR and enable substantial mixing of NaCl, urea, and water within the INSs (11) . A mathematical model of fluid and solute flows through an INS predicted that the mixing of NaCl and urea, reabsorbed from ATLs and CDs, could generate hyperosmotic interstitial fluid compared with CD tubular fluid (11) . We observed a high degree of abutment between the AVR and INS (ϳ19% of total INS circumference) for both the Munich-Wistar rat and kangaroo rat. The high degree of interaction between AVR and INSs and the low interaction between the DVR and INSs indicates preferential fluid and solute flows from INSs through the AVR rather than through the DVR.
Nearly all prebend and equivalent-length postbend segments on the ascending side of the loop lie within the intracluster region where they interact with INSs (16, 27) . At higher levels, both sides of the loops lie outside the intracluster region, distant from CDs. This repositioning of upper ATLs into the intercluster region, where interstitial urea concentrations may be reduced relative to the INSs, potentially minimizes urea loss to the OM (15, 27) . Because of this uniform structure, we hypothesized that the total numbers of loops and INSs would decline almost equally as they descend the corticopapillary axis. This was found to be true for both species. In so doing, the loop density for the two species is nearly identical and also declines nearly equally for the two species. Consequently, along the corticopapillary axis, the abutments of ATLs with INSs are nearly uniform and interactions of ATLs with other Values are means Ϯ SE; n ϭ 3. Sprague-Dawley rat mean values are estimates from Ref. 6 . At increasing depths along the corticopapillary axis, the number of loops of Henle decreases as loops form bends and turn back toward the outer medulla (OM). Numbers of ascending thin limbs (ATLs) and internodal spaces (INSs) remaining as a function of distance below the OM-IM boundary (mean values are shown in Fig. 10 ) were fit to exponentials in the following equation: y ϭ Aexp(bx), where y is the number of ATLs or INSs, A is a constant, b is the length constant, and x is the distance (in m) below the OM-IM boundary. SD, significant difference between Munich-Wistar rat and kangaroo rat with P Ͻ 0.05; NSD, no significant difference between Munich-Wistar rat and kangaroo rat. (6) . The decreases in the number of ATLs and INSs are comparable for the reconstructed Munich-Wistar secondary CD cluster, a further indication that cluster architecture parallels that of the entire IM, albeit with fewer numbers of loops and CDs (8, 23, 29) .
The AQP1-positive DTL and AQP1-null DTL abutments with INSs are also nearly uniform at all levels, albeit at ϳ10% and 50% the abutment lengths of ATLs, respectively. The uniformity of these fractional abutments results largely from the cascading loop architecture, localization of AQP1-positive DTLs at points distant from CDs, and AQP1-null DTLs gradually approaching INSs and making increasing contact with them in their descent through the IM (27) . The remoteness of the AQP1-positive DTL from and the proximity of AQP1-null DTL segments near INSs may be relevant to water reabsorptive and solute secretion characteristics of the two segments, respectively (5, 15, 17) .
AVR make abutments of nearly equal length with INSs throughout the first 2,000 -3,000 m below the OM-IM boundary, an interval through which the AVR and CDs exhibit uniform number densities (8, 9) . At deeper levels, AVR abutments with INSs increase, CD circumference increases, and CD number density declines. Owing to their architecture, the abutting AVR offer the most direct initial pathway for returning to general circulation the fluid reabsorbed from CDs. Compartmentation of the vasculature consisting of a network of highly branched AVR closely associated with INSs and, on the other hand, AVR that are relatively unbranched lying more distant in the intercluster region alongside DVR provides a structural basis for the existence of spatially distinct blood flow regulatory mechanisms associated with renal function in general (8) . Although INSs are configured as a countercurrent system, further studies are required to determine whether or not, and to what degree, they play a role in raising Na ϩ and urea concentrations and the osmolality of CD fluid and interstitial spaces. NaCl is delivered by loop bend segments, and this mixes with CD reabsorbate consisting of NaCl, urea, and water to produce isolated sites of high osmolality within the confined area of the INS. The dense and abundant supply of highly permeable fenestrated blood vessels running alongside CDs carries reabsorbed solutes and water upward along the corticopapillary axis, where at each progressively higher level, interstitial fluid has a lower solute concentration. Concentrated fluid from the AVR deposits urea into INSs at each higher level, thereby reducing CD solute reabsorption and leading to increased CD fluid osmolality. Along with countercurrent exchange with the DVR, urea recycles into the deeper IM, thereby enhancing the urine concentrating effect.
In summary, the architecture of INSs within the IM potentially plays an essential role in the urine concentrating mechanism. A high degree of abutment of the CD to the INS implies reabsorption of urea from the CD directly into the INS. A high degree of abutment of the ATL to INS implies reabsorption of NaCl from the ATL directly into the INS. As such, the INS is organized to serve as a mixing chamber for NaCl and urea and thereby promote water reabsorption from the CD, raising CD fluid osmolality. Mathematical modeling by Layton (12) suggested that the urine concentration may be aided by distributed loop population, with loops forming bends at all levels along the corticopapillary axis (represented by an exponential decrease in the number of loops as a function of distance below the OM-IM boundary). The similar decreases in numbers of ATLs and INSs along the corticopapillary axis of two species suggest an optimal relationship of the tubulovascular architecture may exist for animals exhibiting relatively high urine concentrating capacity. Further understanding of this relationship may be gained by comparisons with the medullary architecture of species with a lower concentrating capacity, such as rabbits or humans. A more complete understanding of a functional role for INSs will require functional and theoretical studies of fluid and solute flows through INSs.
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